to injury by inhibiting cellular migration 11 and matrix degradation. 12 Additionally, substantial evidence exists showing that PAI-1 may contribute to the development of fibrosis and thrombosis as a result of chemical 13 or ionizing injury. 14 In the absence of vascular injury or hyperlipidemia, our group has reported that transgenic mice overexpressing a stable form of human PAI-1 develop spontaneous coronary arterial thrombosis. 15 We have also previously reported that PAI-I deficiency prevents the development of perivascular fibrosis associated with long-term NOS inhibition by L-NAME. 16, 17 In the present study, we demonstrate that a novel, orally active small molecule inhibitor of PAI-1, TM5441, is as effective as complete deficiency of PAI-1 in protecting against L-NAME-induced pathologies. TM5441 is a derivative of the previously reported PAI-1 inhibitor TM5275, 18 which was generated by optimizing the structure-activity relationships of the lead compound TM5007. 19 TM5007 was originally identified as a PAI-1 inhibitor by virtual, structure-based drug design, which used a docking simulation to select candidates that fit within a cleft in the 3-dimensional structure of human PAI-1.
Beyond examining PAI-1 in L-NAME-induced arteriosclerosis, the present study focuses on the roles of NO and PAI-1 in vascular senescence. Senescent endothelial cells exhibit reduced endothelial NO synthase activity and NO production, 20, 21 and NO has been shown to be protective against the development of senescence, an effect that is abrogated by L-NAME treatment. 22, 23 However, the role of NO and L-NAME in vascular senescence in vivo is uncertain. PAI-1 is recognized as a marker of senescence and is a key member of a group of proteins collectively known as the senescencemessaging secretome. 24 However, it is likely that PAI-1 is not just a biomarker of senescence, but instead may be a critical driver of this process. Evidence supporting this hypothesis has already been shown in vitro. PAI-1 expression is both necessary and sufficient to drive senescence in vitro downstream of p53, and PAI-1-deficient murine embryonic fibroblasts are resistant to replicative senescence. 25, 26 However, very little is known about the role of PAI-1 in senescence in vivo.
In this study, we show that L-NAME treatment and the subsequent loss of NO production induces vascular senescence in wild-type (WT) mice, and that treatment with the PAI-1 antagonist TM5441 is protective against this senescence. Therefore, in addition to validating TM5441 as a potential therapeutic, we also have demonstrated a role for L-NAME, NO, and PAI-1 in vascular senescence in vivo.
Methods

TM5441 Activity and Specificity Assays
The inhibitory activity and specificity of TM5441 (developed at the United Centers for Advanced Research and Translational Medicine (ART), Tohoku University Graduate School of Medicine, Miyagi, Japan) was assessed using recombinant PAI-1, antithrombin III, and α2-antiplasmin by chromogenic assay as previously described. 27, 28 The reaction mixture includes 0.15 mol/L NaCl, 50 mmol/L Tris-HCl pH 8, 0.2mmol/L CHAPS, 0.1% PEG-6000, 1% dimethylsulfoxide, 5 nmol/L of either human active PAI-1 (Molecular Innovations, Southfield, MI), human antithrombin III (Sigma-Aldrich, Saint Louis, MO), or human α2-antiplasmin (Sigma-Aldrich), 2 nmol/L of either human 2-chain tPA (American Diagnostica Inc, Stanford, CT), thrombin (Sigma-Aldrich), or plasmin (Sigma-Aldrich), and 0.2 mmol/L of either Spectrozyme tPA (Chromogenix, Milano, Italy), chromogenic substrate S-2238 (Sekisui medical, Tokyo, Japan), or chromogenic substrate S-2251 (Sekisui medical) at a final concentration. Tested compounds were added at various concentrations and the IC50 was calculated by the logit-log analysis.
TM5441 Pharmacokinetics and Toxicity
TM5441, suspended in a 0.5% carboxymethyl cellulose sodium salt solution, was administered orally by gavage feeding to male Wistar rats (5 mg/kg; CLEA Japan Inc.). Heparinized blood samples were collected from the vein before (0 h) and 1, 2, 6, and 24 h after oral drug administration. Plasma drug concentration was determined on a reverse-phase high-performance liquid chromatography. Maximum drug concentration time (T max ), maximum drug concentration (C max ), and drug half-life (T 1/2 ) were then calculated.
All toxicity studies followed the International Conference on Harmonization of Technical Requirements for Registration of Pharmaceuticals for Human Use Harmonized Tripartite Guidelines at the non-GLP conditions. A repeated-dose toxicity study of TM5441 was assessed for 2 weeks in 5 Crl:CD (SD) rats per sex per group and no observed adverse effect level was concluded at 30 mg/kg in female rats and 100 mg/kg in male rats. As for the reverse mutation Ames test, TM5441 was negative. The effect of TM5441 on the human ether-ago-go-related gene (hERG) electric current was investigated in HEL293 cells, which were transfected with the hERG gene, and TM5441 does not affect on hERG electric current in a concentration of up to 10 mmol/L.
Experimental Animals
Studies were performed on littermate 6-to 8-week-old C57BL/6J mice of both sexes purchased from Jackson Laboratories (Bar Harbor, ME). L-NAME (Sigma Aldrich, St. Louis, MO) was administered in the drinking water at 1 mg/mL (approximately 100-120 mg/kg/ day). TM5441 was mixed in the chow at a concentration of 20 mg/ kg/day. This dose was based on both preliminary studies conducted in our laboratory feeding mice with TM5441 and on personal communication with Dr Miyata. The weight of chow consumed by the mice and their body weight were monitored. Mice remained in the study for 8 weeks before undergoing final measurements and tissue harvest. All experimental protocols were approved by the IACUC of Northwestern University.
Blood Pressure
Systolic and diastolic blood pressures were measured in conscious mice (n=12-13/group) at baseline and every 2 weeks thereafter using a noninvasive tail-cuff device (Volume Pressure Recording, CODA, Kent Scientific Corp, Torrington, CT). Mice were placed in the specialized holder for 10-15 minutes before the measurement to acclimate to their surroundings. The animals underwent 3 training sessions before initial baseline measurements. This method has been validated against classic tail plethysmography.
Echocardiograms
Left ventricular function at diastole was determined in the mice (n=12-13/group) with the use of 2-dimensional (2D), M, and Doppler modes of echocardiography (Vevo 770, Visualsonics Inc, Toronto, Ontario, Canada). Mice were imaged at both baseline and after 8 weeks of treatment. The animals were anesthetized and placed supine on a warming platform. Parasternal long-and short-axis views were obtained in each mode to assess function.
Histology and Morphometry
Hearts and aortas were harvested from the animals after 8 weeks of treatment. The tissues were formalin fixed, paraffin embedded, and sectioned at 6 microns. Morphometric analysis was performed on left ventricular myocytes stained with hematoxylin and eosin (H & E) to calculate myocyte cross-sectional area using ImagePro Plus 6.3. Myoyctes that had a clear, unbroken cellular membrane and a visible nucleus were November 19, 2013 cut transversely, traced, and the areas determined. Approximately 100 myocytes were counted per mouse (n=12-13/group).
Morphometric analysis was also performed on aortic sections stained with Masson's trichome to calculate the extent of perivascular fibrosis. The aorta and its surrounding collagen layer were traced, and the extent of fibrosis calculated by determining the percentage of the total area occupied by collagen (stained blue; n=10-12/group).
qRT-PCR
Aortas harvested from subject mice were snap frozen in liquid nitrogen (n=6-11/group). Excess tissue was removed under a dissecting microscope. RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA) using the manufacturer's protocol. cDNA was generated from the RNA using the qScript cDNA Supermix (Quanta Biosciences, Gaithersburg, MD). Quantitative real-time PCR was performed using the SsoAdvanced SYBR Green Supermix (Biorad, Hercules, CA) along with primers for PAI-1 (F: 5′-ACGCCTGGTGCTGGTGAATGC-3′ and R: 5′-ACGGTGCTGCCATCAGACTTGTG-3′), p16 Ink4a (F: 5′-AGGGCCGTGTGCATGACGTG-3′ and R: 5′-GCACCGGGC GGGAGAAGGTA-3′), and GAPDH (F: 5′-ATGTTCCAGTATGAC TCCACTCACG-3′ and R: 5′-GAAGACACCAGTAGACTCCAC GACA-3′; Integrated DNA Technologies, Inc., Coralville, IA).
Average Telomere Length Ratio Quantification
Aortas and livers harvested from subject mice were snap frozen in liquid nitrogen (n=6-11/group). Excess tissue was removed under a dissecting microscope. Genomic DNA was isolated using the Qiagen DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) by following the manufacturer's protocol, and then was used to measure telomere length by quantitative real-time PCR as previously described with minor modification. 29, 30 Briefly, telomere repeats are amplified using specially designed primers, which are then compared with the amplification of a single-copy gene, the 36B4 gene (acidic ribosomal phosphoprotein PO), to determine the average telomere length ratio (ATLR). Either 15 ng (aortas) or 100 ng (livers) of genomic DNA template was added to each 20-µl reaction containing forward and reverse primers (250 nmol/L each for telomere primers, and 500 nmol/L each for the 36B4 primers), SsoAdvanced SYBR Green Supermix (Biorad, Hercules, CA), and nuclease free water. A serially diluted standard curve of 25 ng to 1.5625 ng (aortas) or 100 ng to 3.125 ng (livers) per well of template DNA from a WT mouse sample was included on each plate for both the telomere and the 36B4 reactions to facilitate ATLR calculation. Ct values were converted to ng values according to the standard curves, and ng values of the telomere (T) reaction were divided by the ng values of the 36B4 (S) reaction to yield the ATLR. The primer sequences for the telomere portion were as follows:
5′-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTT GGGTT-3′ and 5′-GGCTTGCCTTACCCTTACCCTTACCCTTA CCCTTACCCT-3′. The primer sequences for the 36B4 single copy gene portion were as follows: 5′-ACTGGTCTAGGACC CGAGAAG-3′ and 5′-TCAATGGTGCCTCTGGAGATT-3′. Cycling conditions for both primer sets (run in the same plate) were as follows: 95°C for 10 min, 30 cycles of 95°C for 15 s, and 55°C for 1 min for annealing and extension.
Statistical Analysis
All results are presented as mean±SD. Comparisons between 2 groups were tested by an unpaired, 2-tailed Student t test (unless otherwise noted). Results with P≤0.05 were considered significant.
Expanded methods and materials are available in the online-only Data Supplement.
Results
Generation and Validation of TM5441
TM5441 (molecular weight, 428.8 g/mol; cLogP, 3.319) was discovered through an extensive structure-activity relationship study with more than 170 novel derivatives with comparatively low molecular weights (400 to 550 g/mol) and without symmetrical structure, designed on the basis of the original lead compound TM5007 19 and an already successful modified version, TM5275. 18 TM5007 was identified virtually by structure-based drug design after undergoing a docking simulation that selected for compounds that fit within the cleft of PAI-1 (s3A in the human PAI-1 3-dimensional structure) accessible to insertion of the reactive center loop. Compounds that bind in this cleft would block reactive center loop insertion and thus prevent PAI-1 activity. Once TM5007 had been identified as a PAI-1 inhibitor both virtually and in vitro/in vivo, further compounds were derived via chemical modification to improve the pharmacokinetic properties of the inhibitor, resulting in the generation of TM5275 and later TM5441 (Table) . The inhibitory activity of TM5441 was shown in vitro by a chromogenic assay ( Figure 1A and 1B) , and its specificity was confirmed by demonstrating that it did not inhibit other SERPINs such as antithrombin III ( Figure 1C ) and α2-antiplasmin ( Figure 1D ).
TM5441 Attenuates the Effects of L-NAME on Systolic Blood Pressure
Six-to 8-week-old WT C57BL/6J animals were given either L-NAME (1 mg/mL) water or regular water for 8 weeks. Additionally, animals received either TM5441 (20 mg/kg/day) chow or regular diet. Systolic blood pressure (SBP) was measured every 2 weeks over the course of the study. As shown in Figure 2A , animals given L-NAME in their drinking water for 8 weeks had a 35% increase in SBP compared with WT animals receiving untreated water (183±13 mm Hg vs 135±16 mm Hg, P=3.1×10 −7 ). However, animals receiving both L-NAME and the PAI-1 inhibitor TM5441 had significantly lower SBPs compared with those that received L-NAME alone (163±21 mm Hg vs 183±13 mm Hg, P=0.009). This difference in SBP between L-NAME and L-NAME+TM5441 animals was similar to previously reported data comparing L-NAME-treated WT and PAI-1-deficient mice. 16, 17 Thus, we confirmed that pharmacologic inhibition of PAI-1 activity using the novel antagonist TM5441 protects against L-NAME-induced hypertension to a similar degree as the full genetic knockout. As a control, we also looked at animals receiving only TM5441 to show that the drug had no off-target effects on SBP. These animals showed no difference in SBP compared with WT. Additionally, using LC/MS/MS, we confirmed the presence of TM5441 in the plasma of our cotreated animals and showed that the concentration of TM5441 correlated slightly with SBP ( Figure I in the online-only Data Supplement).
TM5441 Reduces Cardiac Hypertrophy Derived From L-NAME Treatment
As shown in Figure 2B , L-NAME-treated animals showed a significant thickening of their left ventricle anterior wall during diastole relative to WT (1.00±0.11 mm vs 0.86±0.11 mm, at TOHOKU UNIVERSITY on November 27, 2013 http://circ.ahajournals.org/ Downloaded from P=0.006). PAI-1 antagonism attenuated left ventricle anterior wall thickness compared with L-NAME treatment alone (0.84±0.09 mm vs 1.00±0.11 mm, P=0.002). This reduction in cardiac hypertrophy was seen at the cellular level as well ( Figure 2C ). Left ventricle myocyte cross-sectional area significantly increased in WT + L-NAME mice compared with WT (334±37 µm 2 vs 262±31 µm 2 , P=0.00003), but cotreatment with TM5441 reduced the extent of hypertrophy compared with L-NAME treatment alone (300±42 µm 2 vs 334±37 µm 2 , P=0.04). Animals receiving only TM5441 were not significantly different from WT in either measurement.
TM5441 Prevents the Development of Periaortic Fibrosis
Cross-sections from the aorta were stained with Masson trichome to examine the extent of perivascular fibrosis. As shown in Figure 3 , the ratio of fibrotic area compared with total vascular area was significantly increased in L-NAME-treated animals compared with WT (31±6 % vs 22±3%, P=0.0006). However, coadministration of TM5441 with L-NAME prevented collagen accumulation around the aorta so that these animals maintained a baseline level of fibrosis (21±3% vs 31±6% for WT + L-NAME, P=0.0006). Thus, PAI-1 inhibition prevents the structural remodeling of the vasculature associated with L-NAME treatment.
TM5441 Protects Against L-NAME-Induced Vascular Senescence
Previous in vitro work has demonstrated that the loss of NO through L-NAME treatment can lead to endothelial cell senescence. 22, 23 In this study, we determined the level of senescence in vivo in aortas using quantitative RT-PCR. When examining the senescence marker p16 Ink4a , we found that whereas L-NAME treatment significantly increased the expression of p16 Ink4a 3-fold (P=0.008 vs WT), this increase was prevented by TM5441 cotreatment (P=0.01 vs WT+L-NAME; Figure 4A ). We confirmed these results by using a PCR method to measure ATLR in both liver ( Figure 4B ) and aorta ( Figure 4C ). 29, 30 In both tissues, L-NAME significantly reduced telomere length, whereas those animals receiving L-NAME and TM5441 had no change in telomere length relative to WT animals.
Discussion
Long-term NOS inhibition leads to hypertension through the combination of the loss of NO-dependent vasodilation and arteriosclerotic remodeling of the vasculature. [5] [6] [7] Similar to previously reported data, 16, 17 in the present study SBP increased after only 2 weeks of L-NAME treatment and continued to rise at TOHOKU UNIVERSITY on November 27, 2013 http://circ.ahajournals.org/ Downloaded from throughout the study. However, when the animals were simultaneously treated with L-NAME and the PAI-1 inhibitor TM5441, the increase in SBP was blunted. This reduction in SBP is similar to that seen previously with PAI-1-deficient mice, 16, 17 indicating that TM5441 is effective in minimizing the effects of L-NAME on SBP. These results correlate with our previous observations that loss of PAI-1 is protective against angiotensin II-induced hypertension ( Figure II in the online-only Data Supplement), thus demonstrating that the effect of PAI-1 on SBP is NO-independent. To our knowledge, this is the first instance of a non-antihypertensive drug successfully preventing systolic hypertension.
Left ventricular hypertrophy is a common consequence of hypertension. Accordingly, we used echocardiography and histology to evaluate the left ventricle in the experimental animals. L-NAME caused significant increases in both wall thickness and myocyte cross-sectional area. TM5441 treatment reduced these compensatory responses by 16% and 10%, respectively. This reduction in hypertrophy further demonstrates that PAI-1 inhibition effectively protects against hypertension and its associated pathologies.
In addition to the changes in blood pressure, we directly examined the changes in vascular remodeling caused by L-NAME by quantifying the extent of periaortic fibrosis in these animals. L-NAME-treated mice had almost 50% more fibrosis surrounding their aortas as compared with the aortas from untreated WT. This increase was completely attenuated in animals receiving both L-NAME and TM5441, as these mice had identical levels of fibrosis to that observed in untreated WT controls. Excess PAI-1 is known to exacerbate the development of fibrosis in a variety of animal models, 31, 32 and L-NAME elevates arterial PAI-1 expression. 9 Furthermore, we have previously shown that PAI-1 deficiency both augments gelatinolytic activity in coronary arteries using in situ zymography 17 and protects against periaortic fibrosis induced by angiotensin II. 33 Taken together, these data identify a mechanism through which PAI-1 deficiency is protective against collagen deposition and perivascular fibrosis. Thus, we would anticipate both the structural changes seen in the L-NAME-treated aortas and the protection against these changes provided by TM5441.
The capacity of TM5441 to prevent the increase in SBP and reduce the development of hypertrophy and arteriosclerosis makes it a promising therapeutic, particularly in the elderly population where arteriosclerosis likely makes a major contribution to this common malady. Even though TM5441 treatment did not fully attenuate the increase in SBP attributable to NOS inhibition, the almost complete prevention of periaortic fibrosis indicates that PAI-1 inhibition is a novel approach to combat the structural remodeling in clinical situations and conditions associated with reduced NO production or bioavailability.
Loss of NO production has been shown to induce vascular senescence in vitro, 22, 23 and increased PAI-1 is an established as a marker of senescence. 24, 25 However, little work has been done to examine the role of NO in senescence in vivo. We determined that NOS inhibition can induce senescence in vivo by showing that L-NAME-treated aortas had a 3-fold increase in expression of the senescence marker p16 Ink4a relative to WT controls. More importantly, we wanted to establish that PAI-1 is not just a marker of senescence, but rather is a critical driver of this process in vivo. This was confirmed by demonstrating that aortic p16 Ink4a levels in mice treated with both L-NAME and TM5441 were comparable with those seen in WT controls. This observation is in agreement with other data from this laboratory indicating that partial or complete deficiency of PAI-1 in the klotho mouse model is sufficient to prevent senescence and prolong survival (M. Eren, manuscript under review). Telomere length, another well-established cellular marker of physiological aging, was also examined in both aortic and hepatic tissues. We chose to examine the liver because it is a highly vascularized organ and has been previously shown to be affected by L-NAME. 34 Both aortas and livers from L-NAMEtreated animals showed significant decreases in ATLR that reflect the induction of senescence and accelerated aging. In both organs, cotreatment of L-NAME with TM5441 was able to maintain telomere length similar to WT levels.
The present study establishes PAI-1 as an important determinant of vascular senescence in vivo. Additionally, it is possible that all the pathological conditions developed in the L-NAMEtreated animals (hypertension, perivascular fibrosis, and hypertrophy) could be secondary effects from the induction of vascular senescence. This is further supported by the fact that age is the single greatest risk factor for cardiovascular disease. 35, 36 PAI-1 expression is known to be both elevated in the elderly and in many conditions associated with aging such as obesity, insulin resistance, and vascular remodeling. 37 Furthermore, NO production has been shown to decrease with age, even in healthy individuals. 38 Combined with the data shown here, these findings indicate that age-related decreases in NO production can lead to vascular senescence and arteriosclerosis, and that this process may be prevented through PAI-1 inhibition. These findings certainly suggest that PAI-1 antagonists may eventually prove to be useful in preventing hypertension as well as protecting against the increased risk in cardiovascular disease that accompanies aging.
In conclusion, we have shown that TM5441, a novel, orally active PAI antagonist, protects mice against L-NAMEinduced vascular pathologies, including hypertension, fibrosis, and vascular senescence. TM5441 represents a novel therapeutic approach for the aging-associated cardiovascular disease that merits further investigation.
